Abstract Human islet transplantation is an effective and promising therapy for type I diabetes. However, long-term insulin independence is both difficult to achieve and inconsistent. De novo or early administration of incretin-based drugs is being explored for improving islet engraftment. In addition to its glucose-dependent insulinotropic effects, incretins also lower postprandial glucose excursion by inhibiting glucagon secretion, delaying gastric emptying, and can protect beta-cell function. Incretin therapy has so far proven clinically safe and tolerable with little hypoglycemic risk. The present review aims to highlight the new frontiers in research involving incretins from both in vitro and in vivo animal studies in the field of islet transplant. It also provides an overview of the current clinical status of incretin usage in islet transplantation in the management of type I diabetes.
Introduction
For type I diabetes mellitus (TIDM) with refractory hypoglycemia, islet transplantation is a promising therapy and has 2 advantages [1] [2] [3] : (1) reduced morbidity and mortality compared with pancreas transplantation, and (2) islet grafts can physiologically regulate glucose homeostasis without hypoglycemic risk. The success of islet transplantation was achieved via the selection of the portal vein and liver as a transplant site, improved isolation methods, and the introduction of the steroid-free Edmonton immunosuppressant protocol [1] .
The reproducibility of the protocol has been extensively tested worldwide and its effectiveness is proven. However, inconsistent results among centers and variable long-term insulin independence have been observed. At well-established centers, insulin independence at 1-year post transplantation can be achieved in most patients [1, 4] ; however, 3-and 5-year reports present sobering results, with only between 10 %-50 % remaining insulin independent [5, 6] . Importantly, all patients, even those with partial graft function, have demonstrated a significant improvement in glycemic control, hypoglycemic protection, and a reduction of complications [7, 8] .
Many confounding factors have been linked to this inconsistency and variation, including low islet quantity/quality, immune attack, immunosuppression toxicity, and a suboptimal microenvironment (hypoxia and higher concentrations of immunosuppressants in the portal system). Attempts to improve transplant outcomes have been intensely investigated for each of the aforementioned aspects [9] [10] [11] .
There is an increased interest in discovering biological and chemical agents that can be administered to improve graft function, incretin hormones being of particular interest. In this review, we will first discuss the incretins and the underlying beneficial mechanisms for treating diabetes. Then, we will review recent developments of both in vitro and in vivo animal studies, involving incretin, and specifically focus on those related to islet transplantation. Finally, we will discuss their clinical applications for islet transplantation.
Incretins, Incretin Receptor Analogs, and DPP IV Inhibitors
The main members of the incretin family are glucagon-like peptide (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). GLP-1 is derived from L-cells of the distal intestine, while GIP is released from K-cells of the proximal intestine. GLP-1 and GIP are responsible for approximately 50 % of postprandial insulin secretion [12] . However, GIP alone does not fully explain incretin's in vivo effect and has yet to be proven therapeutically effective.
GLP-1 (7-37) and are active forms produced from full-length precursors by prohormone convertases 1 and 3 (PC1/ 3). GLP-1 is quickly degraded by dipeptidyl peptidase IV (DPP IV) resulting in a short half-life (1-2 minutes). Identified in both rodent and human beta-cells, GLP-1R is a type of G-protein couple receptor that activates adenylate cyclase, which in turn affects cAMP-dependent downstream pathways.
GLP-1 stimulates glucose-induced insulin secretion [13] and is critical for controlling fasting plasma glucose, glucose clearance, and gastric emptying [14] . In addition, GLP-1 can induce insulin biosynthesis by stimulating insulin gene transcription [15] , inhibit glucagon mediated by insulin and somatostatin [16] , and increase beta-cell mass through an increase in beta-cell proliferation or a decrease in apoptosis [17, 18] .
There are 2 GLP-1 drugs currently approved for clinical use, exendin-4 (also known as exenatide) and liraglutide (also known as Victoza). Approved in 2005, Exendin-4 is a GLP-1R agonist and a 39-amino acid peptide sharing 53 % homology with full-length GLP-1. Due to its short half-life (3.3-4 hours), exendin-4 has to be injected twice a day. In 2010 liraglutide, a long-acting GLP-1R agonist, was approved and only needs to be injected once a day. Liraglutide has 1 amino acid substitution (Arg34Lys) and an attachment of a C-16-free-fatty acid derivative, leading to a slower absorption rate, a higher binding affinity to albumin, and a half-life of 11-13 hours. Sitagliptin, the first DPP-IV inhibitor, was approved in 2006. Later on, saxagliptin and vildagliptin were approved as a monotherapy or combinational therapy.
Experimental Studies of GLP-1 for Islet Transplantation

Incretins Stimulate Islet Insulin Secretion and Improve Islet Graft Function
The Gooszen group was one of first groups to conduct GLP-1 studies for islet transplantation. They showed that GLP-1 resulted in a 2-fold increase in insulin secretion of canine islets in a glucose-dependent manner, starting at 2.5 mM and peaking at 7.5 mM glucose [19] . They also showed that in dog suboptimal mass autologous transplant model, infusion of a physiological dose of GLP-1 at 8.5 mM glucose, which mimics postprandial glycemia, could potentiate insulin secretion by 175 % [20] .
In 2005, the Weir group studied the effects of GLP-1 on islet grafts by transplanting GLP-1 pre-treated and non-treated islets in combination with GLP-1 injections for 14 days posttransplant. They indicated that mouse islets cultured with exendin-4 prior to transplantation increased the rate of hyperglycemia reversal, but not to the same degree as freshly isolated islets. Furthermore, the mice treated with exendin-4 post transplant did not exhibit any beneficial effect on glucose homeostasis [21] . To clarify the cytoprotective effect of GLP-1 signaling in conditions of glucose toxicity, the Inagaki group compared an isogeneic minimal mass transplant model (150 islets) with a suboptimal model (50 islets) in diabetic mice, showing that exendin-4 contributed to the restoration of normoglycemia in the minimal mass model. However, for suboptimal model group, exendin-4 only prevented beta-cell loss and preserved islet mass initially after transplantation, but could not reverse diabetes. TUNEL staining revealed that exendin-4 reduced the number of apoptotic beta-cells [22•] . Two studies from the Tibell and the Juang groups showed similar results using marginal islet transplant models in rodent models [23, 24•] .
The Tibell group also investigated the role of hypoxiainducible factor-1 (HIF-1) in mediating the beneficial effects of exendin-4 by transplanting free islets and exendin-4 treated macroencapsulated rat islets (0.1 nM) prior to transplant or post transplant (100 ng/day, day 0-7). Pre-culture with exendin-4 followed by recipient treatment improved the outcome of both free and macroencapsulated islet grafts. Also exendin-4 enhanced HIF-1α mRNA and protein expression levels. The improved outcome was related to islet graft resistance to hypoxia during the peritransplant period by increasing the expression of HIF-1α [25••] .
The Osei group investigated the effects of GLP-1 on islet allograft function in diabetic cynomolgus monkeys induced by pancreatectomy, with or without immunosuppression. When exendin-4 was administered pre-transplant, the average blood glucose levels at day 5 were significantly lower than those treated following transplant (52.7±14.8 mg/dL vs 154.3±105.5 mg/dL) and were comparable with the group treated with immunosuppression. IVGTTs showed normal glucose clearance and insulin curves only in the pre-treated exendin-4 and immunosuppression groups [26••] .
Incretins Promote Beta-Cell Maturation and Proliferation
Rabinovitch and colleagues transplanted a low purity endocrine tissue (7 % beta-cells) with an abundance of exocrine (29 % duct-cells and 25 % acinar cells) into NOD-scid mice (non-obese diabetic-severe combined immune deficiency) and were then treated with GLP-1 and gastrin, which is also capable of stimulating beta-cell growth, for 5 weeks. Mice glucose levels were significantly reduced and insulin and Cpeptide levels were increased. In addition, there was a 4-fold increase in insulin-positive cells in the grafts and the majority of these positive cells were cytokeratin 19-positive, indicating the expanded beta-cell mass mainly from the duct-cells [27••] . They also showed a similar result in NOD (non-obese diabetic) mice. More so, insulin autoantibodies were reduced. Syngeneic islet grafts exposed to this combinational treatment were shown to be infiltrated by leukocytes, with a shift in cytokine expression from interferon-gamma to the transforming growth factorbeta1 [28••] .
The Leung group showed that when mice fetal isletlike cell clusters were transplanted, long-term exendin-4 treatment could improve their maturation and proliferation. Immunoassaying indicated increased lectins and insulin levels [29] . Since immature fetal beta-cells are unresponsive to glucose and their maturation occurs following post-birth oral feeding associated with gut hormones such as GLP-1 and cholecystokinin (CCK), the Tuch group treated pig fetal beta-cells with a combination of GLP-1 (100 nM) and CCK (5 μM) and showed that the cells had enhanced glucoseresponsive insulin secretion and a 1.9-fold increase of PDX-1 positive cells, an indication of differentiation to a beta-celllike fate [30] .
Pig tissues are considered as a potential donor source due to the tissue's availability and its similar insulin amino acid sequence to human insulin. However, there are 2 major challenges: pig islets have inferior insulin secretion and are less differentiated. The Calafiore group investigated in vitro maturation and differentiation of neonatal pig islets using a combination of high glucose and GLP-1 based on the assumptions that both can activate PI3K and protein kinase C that would stimulate cell proliferation, insulin gene expression, and PDX-1 translocation. They showed that neonatal pig pancreatic islets (NPI) treated with 50 nM GLP-1+25 mM glucose displayed significant increased expression of PDX1, NKx6.1, pre-proinsulin, and GK [31] .
The Hayek group investigated the role of exendin-4 on growth and differentiation of undifferentiated precursors in human islet-like cell clusters (ICCs) and showed that exendin-4 upregulated PDX1 when transplanted into nude mice. The ICCs grafts also had significantly higher insulin secretion responses to glucose with detectable human C-peptide [32] .
Whether the effects of GLP-1 on beta-cell replication in rodent models can be translated in humans remains largely unknown. The Guo group compared exendin-4 on beta-cell replication in mouse and human islets by transplanting both mouse and human islets from varying ages into diabetic mice and then given bromodeoxyuridine (BrdU) for 4 weeks. Although diabetes was reversed in all mice transplanted using syngeneic mouse islets from both young or old donors, normoglycemia was achieved significantly faster under exendin-4 (10±7 days) vs control (16±4 days) and the grafts had significantly higher insulin + /BrdU + beta-cells. Human islets from≤22-year-old donors had a similar result (16.2±5.2 %) compared with the control (7.2 ± 1.8 %), but not from donors≥35-year-old [33••] .
Oleoylethanolamide (OEA, a GLP-1R endogenous ligand) and PSN632408 (a GRL-1R synthetic agonist) have been investigated for promoting beta-cell replication. One study showed that both significantly increased in a dose dependent manner insulin + /BrdU + beta-cells in vitro. All diabetic recipient mice, given marginal syngeneic islet transplants with OEA or PSN632408, achieved significantly faster normoglycemia and a higher percentage of insulin + /BrdU + beta-cells in islet grafts [34] .
Incretins Modulate Immunoregulation, Inflammatory Reactions, and Apoptosis
It has been shown that common immunosuppressants impair beta-cell function [35] [36] [37] . The Perfetti group reported that mouse insulinoma (MIN6) cells overexpressed with GIP-1 were more resistant to the toxicity caused by an immunosuppression cocktail of tacrolimus, rapamycin, and mycophenolate. In addition, GLP-1 increased the expression of the antiapoptotic protein (BCL-2) and decreased the abundance of proapoptotic markers (PARP-p85 and Smac/Diablo) [38] . The Perfettit group also showed that transfection of MIN-6 cells with a minigene encoding for the human GLP-1 under the control of a rat insulin promoter, followed by alginate microencapsulation, resulted in excellent survival and function when transplanted, even without immunosuppression [39] .
Calcineurin, a calcium-regulated phosphatase, can intersect with both the calcium and cAMP-mediated signaling pathways. The Soleimanpour group reported that human beta-cell apoptosis was significantly increased and rodent beta-cell replication was decreased under tacrolimus. However, exendin-4 nearly reversed the human beta-cell survival and rodent beta-cell replication caused by tacrolimus. More so, these cytoprotective effects were linked to the restoration of the insulin receptor substrate-2 (Irs2) expression inhibited by tacrolimus. Irs2 is a known cAMP-responsive element-binding protein target and upstream regulator of the PI3K/Akt pathway [40] .
The Pastori group investigated the role of GLP-1's antiinflammatory properties in human islets and showed that exendin-4 significantly reduced the content of inflammatoryrelated molecules (tissue factor, IFN-γ, IL-17, IL-1β, and IL-2) and caspase 3 activation, whereas it also increased phosphorylation of ERK1/2, STAT3, and Akt in vitro. Additionally, exendin-4 could induce serine proteinase inhibitor 9 (PI-9) levels in human islets in vitro and also in vivo islet grafts when transplanted into immunodeficient mice. Interestedly, the PI-9 induction could be partially blocked in vitro by antagonist Exendin-9, a GLP-1R antagonist [41••] .
Although beyond the scope of this review, it would be worth noting that GLP-1 and derivates, often used as adjunctive therapy synergistically with other immunoregulators, have been studied extensively in type I diabetes animal models such as nonobese diabetic (NOD) mice for understanding GLP-1 immunoregulatory and anti-inflammatory properties. These studies have several following important findings: GLP-1 can enhance remission of T1DM in NOD mice treated with anti-CD3 mAb by increasing the recovery of the residual islet mass [42] . GLP-1 synergistically augments diabetic remission-induced by antilymphocyte serum (ALS) [43] . Combining Complete Freund's adjuvant (CFA) with GLP-1 significantly increases the insulin content and BrdU positive cells in NOD islets [44] . DPP-IV inhibitor can reverse new-onset diabetes in NOD mice by reducing insulitis, increasing CD4(+)CD25(+) FoxP3(+) regulatory T cells; and stimulating beta-cell replication [45] . Continuous infusion of GLP-1 to prediabetic NOD mice induces beta-cell proliferation and delays the onset of TIDM [46] .
Incretin Overexpression In Vivo and In Vitro
Clinical efficacy of GLP-1 is greatly hampered by its rapid degradation and clearance, as well as its side effects and injected doses that are tolerable to patients. The dose needed to promote beta-cell proliferation in rodents, is typically between 50-100 μg/kg that is far beyond the dose tolerable to humans (< 2 μg/kg) and greatly exceeds the dose required in TIIDM (5 μg, BID). GLP-1 is produced from the proglucagon precursor by PC1/3. In α-cells, proglucagon is differentially processed by PC2 to release glucagon, leaving GLP-1 trapped within a larger fragment with unknown function. PC1/3 expression can be activated in α-cells under certain conditions such as partial pancreatectomy and induction of diabetes. The Kieffer group showed that the induction of PC1/3, through exogenous adenoviral delivery into α-cells, resulted in increased insulin secretion, improved islet function in response to cytokines, and enhanced graft function by enhancing PDX1 and insulin content. These results demonstrated a unique strategy for liberating GLP-1 from directly within target organ and highlighted the potential for up-regulating GLP-1 for treating diabetes [47] . The group also showed that the transplantation of encapsulated PC1/3-expressing alpha TC-1 cells into diabetic mice increased plasma GLP-1/GLP-2 levels, improved glucose tolerance, and promoted beta-cell proliferation; however, not from PC2-expressing alpha-cells [48] . Transduction of a recombinant adenovirus vector expressing GLP-1 has also been shown to increase bioactive GLP-1, resistance to H 2 O 2 , and insulin secretion. Post-transplant analysis revealed that the rAd-GLP-1-transduced islets had more Ki67-positive cells. Diabetic mice transplanted with a marginal mass of rAd-GLP-1-transduced islets became normoglycemic more rapidly and 78 % of the recipients were normoglycemic, whereas only 48 % in control [49•].
Long Half-Life GLP-1 Analog
The Shapiro group was first to investigate liraglutide in a transplant model. They showed that mice transplanted with a marginal syngeneic islet mass and treated with liraglutide (200 μ/kg) reversed diabetes in a shorter time (median 1 vs 7 d; P=0.0003), even in the recipients receiving sirolimus (median 1 vs 72.5 d; P<0.0001). Liraglutide also improved glucose clearance and reduced beta-cell apoptosis. Interestingly, the benefits were diminished after liraglutide treatment was discontinued or followed a late-start therapy post-transplant [50••]. In porcine islets, liraglutide did not have any advantage on the insulin independence rate. However, a significant increase in insulin secretion was observed during glucose challenge [51••]. This result contradicted their previous findings in rodents however this may be due to species specific differences.
The culturing of human islets is often associated with significant cell loss that may prevent islet transplantation from taking place. The Shapiro group showed that when islets were cultured with liraglutide (1 μM), islet mass was preserved, especially in the case of larger islets and this was related to apoptosis prevention. Furthermore, at a dose of 200 μg/kg the liraglutide-treated islets had improved islet graft function in C57Bl/6-RAG 
Application of GLP-1 Derivatives for Pancreatic Beta-Cell Imaging
Since the structural and biochemical interaction between GLP-1 and its receptor have been well characterized, GLP-1 is considered a suitable peptide to develop as peptide-based and non-invasive imaging probes for detecting and monitoring pancreatic beta-cell mass in vivo. GlP-1R is highly expressed on the beta-cell surface and the receptor has high binding affinity at nanomolar concentrations. One limiting factor for such an application is that GLP-1 has a short biological half-life time (1-2 minutes) due to rapid enzymatic degradation. In order to develop GLP-1-based diagnostics, extensive studies have been conducted to the biological halflife of the parent peptide through chemical modifications. This has resulted in promising findings in many research and clinical areas including some for in vivo imaging and monitoring islet grafts [56] [57] [58] [59] . Since the application of GIP-1 derivatives as an imaging tool is not the central focus of this review and has been previously reviewed, we will not discuss these findings in details.
Human Clinical Trials and Epidemiologic Studies
GLP-1 is a suitable candidate for an adjuvant therapy for islet transplant as it can induce insulin secretion, preserve islet graft mass, and has anti-apoptotic effects. Exendin-4 has been extensively studied for TIIDM treatment, but only a handful of studies have been reported for islet transplant. Liraglutide and DPP-IV inhibitors are, so far, only used for TIIDM; however, there are several ongoing clinical trials that have yet to report their results.
In 2006, the Meneilly group evaluated the effects of GLP-1 on insulin secretion in islet transplanted TIDM patients using a hyperglycemic glucose clamp protocol and compared the findings with both normal control and TIIDM patients [60] . They showed that GLP-1 had a significant incretin effect on the transplanted islets; however, the response was less than the controls with stimulated insulin levels of 2108 pM±344 in normal controls, 929 pM±331 in TIIDM patients, and 329 pM±112 in islet transplant patients. Although first phase insulin release was absent, second phase insulin was not significantly reduced (99 pM±18) when compared with other groups (118 pM±29 in control and 68 pM±20 in TIIDM).
In 2007, the Thompson group analyzed GLP-1 efficacy for glucose homeostasis on 11 C-peptide positive transplant recipients with elevated glucose levels [61] . Two patients achieved good glycemic control and insulin independence. One patient who had received 5500 IEq/kg in the first islet infusion was able to stop using insulin. Seven other patients decreased their insulin dose by an average of 39 %. Hyperglycemic clamp studies showed a rise in the second phase of insulin release (before exenatide: 246 pM±88; during exenatide: 644 pM±294). Meal tolerance studies performed either during or post exendin-4 treatment did not indicate a difference in glucose and C-peptide values. More interestingly, no trophic effect on islet grafts was observed. It is worth noting that common side effects were observed in all patients including nausea and vomiting.
In 2008, the Alejandro group analyzed 16 islet transplant subjects under exendin-4. Twenty five percent of the patients discontinued due to side effects while 12 finished (follow-up for 214±57 days). When compared with prior treatment, their insulin requirements at 6 months were significantly reduced (0.15±0.02 vs 0.11±0.025 U/kg per day; P<0.0001) with stable glycemic control. Glycemia was also significantly decreased and the C-peptide-to-glucose ratio was increased significantly at the 5th and 6th months (ratio, 1.09±0.15 vs 1.52±0.18; P<0.05). Improved glucose disposal (glucose AUC: 52,332 mg/min/dL ± 3219 vs 42,072 mg/min/ dL±1965; P=0.002) and C-peptide secretion were observed. It also showed an increase in the mixed meal stimulation index (0.50±0.06 vs 0.66±0.09 pmol/mL; P=0.03), as well as a marked suppression of glucagon secretion and a progressive increase in amylin secretion. The side effects were more frequent and severe compared with other reports in TIIDM patients and the tolerated doses were also much lower than previous data.
In a single-arm and nonrandomized study, the Alejandro group analyzed exendin-4 effects on long-term metabolic and hormonal regulation on 11 islet transplant recipients who lost graft function [62••] . They showed that exendin-4 improved glucose homeostasis, increased the amylin/insulin ratio, and decreased the proinsulin/insulin ratio. Exendin-4 administration 1 hour before MMTT showed decreased levels of glucagon and glucose at 0 minutes and attenuated in their postprandial rise. Time-to-peak glucose was delayed, followed by insulin, proinsulin, amylin, and C-peptide, indicating glucose-driven insulin secretion. However, the glucose and glucagon suppression responses during MMTT with exendin-4 were no longer observed after the 12-month follow-up. Interestingly, different degrees of responsiveness to exendin-4 were observed among the patients. The important finding based on this study indicated that exendin-4 was highly beneficial in sustaining long-term islet graft survival and further benefits could be gained from exendin-4 application at all stages of islet preparation, transplantation, and post-transplant follow-up.
The Naji group also studied GLP-1 effects on islet transplant recipients (n=5) and whole pancreas transplant recipients (n=6) [63••] . All subjects were evaluated by glucosepotentiated arginine testing (5 g arginine injected under the basal and hyperglycemic clamp conditions) with either GLP-1 (1.5 pmol/kg/min) or placebo. Under exendin-4, basal glucose was lower and accompanied with increased insulin and decreased glucagon in both the groups. During the hyperglycemic clamp, a significantly greater glucose infusion rate was required with GLP-1 vs placebo in both groups; however, this was more pronounced in the pancreas than in the islet group. The increased glucose infusion rate was associated with significant increases in second-phase insulin secretion that also tended to be much greater in the pancreas than in the islet group, whereas glucagon was equivalently suppressed by the hyperglycemic clamp in the GLP-1 and placebo groups. The GLP-1-induced increase in second-phase insulin correlated well with the beta-cell secretory capacity. In addition, the proinsulin secretory ratio (PISR) during the glucose-potentiated arginine test was significantly greater in both GLP-1 groups. However, the degree of effect GLP-1 has on insulin secretion depends heavily on the functional beta-cell mass.
In our study, 10 islet transplant recipients were divided into 2 groups: group I under the Edmonton immunosuppression protocol consisting of daclizumab, sirolimus, and tacrolimus (n=4; total IEq=1,460,080±418,330/patient) and group II used the UIC protocol consisting of the Edmonton protocol+etanercept+exendin-4 (n=6; Total IEq=537,495±190,968/patient). Like the group I patients, the group II patients also had reversed diabetes, however a much smaller total islet mass was required. Both the HbA1c and the HYPO score were similar. In agreement with other studies, no evidence of beta-cell proliferation was observed based on the results of the OGTT and IVGTT challenge and proinsulin to insulin ratio. This study indicated that the utilization of exendin-4 in conjunction with islet transplant showed promise in decreasing the need for multiple donors.
Health related quality of life (HRQoL) is one of the most important outcomes to measure effectiveness of an intervention. The Alejandro group studied retrospectively 40 islet transplant recipients who completed 344 Health Status Questionnaires (HSQ2.0) and 384 Diabetes quality of life questionnaires (DQoL). They showed that exendin-4 has positive effects on mental health and health perception scales of HSQ 2.0 in all patients regardless of islet infusion number, islet alone vs islet after kidney transplantation, those who have longer diabetes duration, or higher insulin dosage. Furthermore, a lower rate of severe adverse events has been found in this study [64•] .
Conclusions
Incretins are promising new adjunct drugs for islet transplantation, based both on their working mechanism ( Fig. 1) and Fig. 1 Working mechanisms of GLP-1, GLP-1 agonist, and DPP-IV inhibitor for islet transplantation currently available clinical data. Although there are no recommended guidelines, both laboratory and clinical data suggest that incretins should be administered as early as possible, probably during islet culture or peri-islet transplant, to achieve optimal outcomes. Current data remains unclear whether these benefits are durable and long-term. Beyond glycemic control with minimal hypoglycemic risk, incretin-based therapy has various beta-cell cytoprotective effects, but this is confirmed or defined more in vitro and in the animal model than in human subjects. In allogenic islet transplant, there are 2 unavoidable factors: immunotoxicity and hypoxia. Recently, it has been shown that GLP-1 stimulates insulin biosynthesis, beta-cell growth, and proliferation via GLP-1-cAMP-mTOR-HIF pathways [25••, 65, 66••, 67••, 68] . Sirolimus is a potent inhibitor for mTOR and a key component in the Edmonton protocol. Together, it may explain in part the reason why GLP-1 only has acute insulin secretion effects in the transplanted grafts while long-term or trophic effects were seldom observed in human studies. Another probable reason is that the doses used in vivo are much higher than what humans can tolerate.
Again, clinical data of incretins long-term safety and tolerability levels is largely lacking. Closer emphasis should be placed on this data since the GLP-1R is expressed on a broad range of tissue types and therefore a wide range of different (side) effects may potentially occur. There are several studies linking exendin-4 to pancreatitis [69] [70] [71] , pancreatic and thyroid cancer [71] [72] [73] while no definite relationship has been determined [74, 75] . A recent publication on the human pancreatic tissue from the TIIDM patients treated with incretin showed again that incretin therapy led to a marked expansion of exocrine and endocrine pancreas accompanied with exocrine dysplasia and the potential for glucagon-producing neuroendocrine tumors [76] . For this reason, large-sized longitudinal studies and close clinical monitoring in islet transplanted patients are warranted. Of equal importance, we have to understand in vivo dosage tolerability and develop a formulation with a much longer half-life to increase tolerability that can be achieved by designing a new incretin class with a higher efficacy and fewer side effects. Last, but not least, special care of transplanted islets subjected to the drugs is needed, especially as they are high-risk individuals who are often on various immunosuppressant medications and have complications from diabetes. 
